Abstract A relation between the acid strength of the active centers of sulfated alumina catalysts and the results of transformation of styrene dimers was studied. The acid strength measurements were performed according to the test reaction method using a-methylstyrene, styrene, tert-butylbenzene and cumene reactions at 2) allowed to transform them selectively (96 %) into benzene and alkylbenzenes. When the acid strength of the catalyst was higher (H O B -3.5), the selectivity of the reaction changed. The selectivity of benzene and its derivatives diminished (to 65 %) and dicyclic compounds (indane and indene derivatives) appeared (selectivity 21 %) among the reaction products.
Introduction
A growing accumulation of polymer wastes on landfills is one of the most important challenges for chemical technology. Chemical recycling is one of the solutions of this problem. It allows to recover the monomers or to convert wastes into new compounds of higher utility. In the case of polystyrene (PS), catalytic cracking is the most promising method which can be applied in the chemical recycling. At high cracking temperature (673-773 K), PS thermally decomposes forming a mixture of oligomers (dimers, trimers, tetramers…), which subsequently undergo catalytic transformation [1, 2] . Solid acids have been frequently used as PS cracking catalysts [3, 4] . They are able to protonate styrene oligomers with the formation of reactive carbenium ions.
In the case of 1,3 diphenyl-1-butene (styrene dimer), the reaction begins with (Scheme 1) a Brønsted acid center attack on the unsaturated carbon chain (I) of the dimer or on the aromatic ring. As a result the different carbenium ions (II), (III) and (IV) are formed and then they react according to the diverse pathways. The carbocation (II) dealkylates to benzene and highly unsaturated aliphatic species-coke precursors. Carbenium ions (III) and (IV) undergo complex transformation (b-cleavage followed by hydrogen transfer) forming toluene, a-methylstyrene and cumene as well as styrene and ethylbenzene. Intramolecular alkylation of (IV) results in the formation of cyclic styrene dimers, i.e. 1-phenyl-3-methylindane. The latter, under the action of Brønsted acid sites, dealkylates to benzene and methylindene, which subsequently converts into naphthalene. All these transformation have been already demonstrated. In PS cracking products, styrene oligomers as well as benzene, toluene, styrene, ethylbenzene, cumene and indane, indene and naphthalene derivatives were observed [3] [4] [5] . Haw [6] reported that the cyclic styrene dimer adsorbed in the structure of HZSM-5 at 373 K dealkylates into benzene and methylindyl cation, which forms naphthalene at elevated temperature.
When analyzing the works on PS decomposition, it is difficult to find information on the influence on the selectivity of PS acid catalyzed cracking. One can expect that the acid strength of the active centers should be an important factor affecting the reaction. It is then interesting to relate the acid strength of catalysts with the results of PS cracking.
The acid strength of solids can be measured applying different methods [7] . The most used such methods are based on Hammett indicator adsorption [6, 7] , adsorption of probe molecules examined with calorimetric [7, 8] , thermoprogrammed desorption (TPD) [7, 9, 10] and NMR [6] measurements. The acid strength can be also estimated by means of the test reaction method [11, 12] . This method allows the measurement of the relative acid strength of a catalyst on the basis of the results of reactions which need sites of defined acid strength for their initiation. Suitable reactants for the test reactions can be for example alkyl and alkenyl benzene derivatives such as a-methylstyrene, styrene, tert-butylbenzene and cumene. They differ in proton affinity (PA) [13] [14] [15] as well as in the order of resulting proton addition in the corresponding carbenium ions (Scheme 2).
When analyzing the properties of these compounds, one can conclude that a-methylstyrene is the reactant that very easily undergoes protonation and then a reaction (the highest value of PA, very stable tertiary methylstyryl cation), the next one is styrene (lower PA, stable secondary styryl cation) then tert-butylbenzene (lower PA, tertiary tert-butyl cation). Cumene should be the least reactive because it possesses as low a PA value as tert-butylbenzene, but forms the less stable secondary propyl cation upon protonation. The use of such reactant set should allow the detection of the existence of weak acid centers (a-methylstyrene transformation), medium strength sites (styrene reaction), strong acid centers (tert-butylbenzene reaction) and very strong protic sites (cumene transformation).
The aim of this work was to study the influence of catalyst acid strength on the cracking of styrene oligomers-the main reaction in PS decomposition. As catalysts, sulfated aluminas with different SO 4 2-concentration were used. Sulfated alumina is a solid acid of high acid strength [16] , which can even pass superacid limits [17, 18] . In our previous work [19] , we showed that the acid strength of the c-Al 2 O 3 /SO 4 2-system strongly depends on the concentration of sulfuric acid. Acid strength was measured using the test reaction method. As reactants, compounds of diverse structures like 1-hexane, cyclohexene, 3-metylpentane, methylcycloheksane, pentane, toluene, ethylbenzene, cumene, toluene and low alcohols of different orders were used. Such a broad set of substrates forced us to use different reaction conditions: a batch reactor, a low temperature of 333 K (n-pentane, 3-methylpentane) or a flow reactor and an elevated temperature of 523 K (aromatic compounds). Moreover, the use of H 2 O producing test reactions (alkylation of aromatics with alcohols) could modify the measured acidity of examined catalysts. Hence, the obtained results could not precisely reflect the differences in the acid strength of the examined catalysts. In order to avoid similar problems, we decided to characterize the acid properties of the c-Al 2 O 3 /SO 4 2-system using compounds that do not differ much in their structures such as a-methylstyrene, styrene, tert-butylbenzene and cumene and unified reaction conditions (a batch reactor, ambient temperature). Moreover, the chosen test reactants possess structures close to styrene oligomers and all undergo activation in the presence of acid sites like styrene oligomers.
Experimental
The catalysts Sulfated alumina. c-Al 2 O 3 (ABCR Karlsruhe, S BET 206 m 2 /g, 1.02-1.20 mm grain fraction) was impregnated using the incipient wetness method with sulfuric acid solutions. The solution concentrations were matched to obtain the catalyst containing from 1 to 9 wt% of SO 4 2-. The obtained substances were dried at 333 and 383 K for 24 h and then calcined at 753 K in the stream of dry air for another 24 h. Silica-alumina (87 %SiO 2 -13 %Al 2 O 3 , Ventron GmBH, S BET 392 m 2 /g, 1.02-1.20 mm grain fraction) was used as a reference catalyst.
Acid strength measurements
Before the reaction, a catalyst sample (0.5 g) was placed in a glass batch reactor (76 cm 3 ) connected to a vacuum/dry air line and calcined at 753 K for 20 h in a stream of dry air. The reactor was then cooled to the desired temperature, closed and the substrates injected (1 cm 3 ). After 20 h, the reaction products were analyzed.
Synthesis of styrene dimers and heating mantle then 200 cm 3 of styrene added. The reacting system was heated at 383-423 K with stirring for 6 h. The cooled reaction product was placed in a separating funnel. The spent catalyst was washed twice with diethyl ether (2 9 50 cm 3 ) and the solution added to the reaction products. The collected products were washed with sodium hydrogen carbonate solution (2 9 60 cm 3 ) in order to neutralize sulfuric acid. The organic phase was separated and dried with anhydrous calcium chloride, filtered with a Buchner funnel and distilled. The resulting product contained polystyrene dimers (91.2 wt%), trimers (7.8 wt%) and tetramers (1.0 wt%). To obtain the reaction substrate, it was diluted with n-heptane in a 1:1 molar proportion.
Reactions of styrene dimers
The reactions were performed in a flow reactor. The catalyst (2 cm 3 ) was placed in the reactor and heated for 24 h at 753 K in a stream of dry air. After catalyst activation, the reactor was cooled to the desired temperature (from 473 to 753 K) and the reactant was fed into it with an infusion pump at 3.6 cm 3 /h for 60 min.
Materials
All organic reactants, sulfuric acid, NaHCO 3 , CaCl 2 were supplied by Aldrich.
Analysis
The obtained reaction products were analyzed in with GC (Agilent 6890N with FID detector) equipped with a 30 m HP5 capillary column (I.D. 0.32 mm, d f 0.25 lm, temperature 343 K (5 min), to 543 at 3 K/min).
Results

Acid properties
The acidity of c-Al 2 O 3 /SO 4 2-catalytic system depends on the surface concentration of H 2 SO 4 [19] . This can be seen from the results of the test reactions (Fig. 1) .
c-Al 2 O 3 , the sulfuric acid carrier, at 293 K did not initiate any of the test reaction studied. The introduction of 1 % of H 2 SO 4 on the alumina surface resulted in the appearance of active centers that initiated a-methylstyrene dimerization. Further increase in the sulfuric acid concentration (C2 %) initiated the formation of linear dimers from styrene. The catalysts with higher than 3 % amount of the acid catalyzed tert-butylbenzene disproportionation into benzene and di-tert-butylbenzenes. The c-Al 2 O 3 /SO 4 2-catalytic system was not able to initiate cumene transformation at 293 K.
Styrene dimers underwent transformation over Al 2 O 3 -H 2 SO 4 catalysts at 573 K (Table 1) .
c-Al 2 O 3 catalyzed only the double bond isomerization of styrene dimers. The selectivity to decomposition products was as low as 2 %. In turn, the catalyst with 1 % sulfuric acid catalyzed mostly the decomposition of styrene dimers. Among the reaction products, one can observe benzene, ethylbenzene and cumene. A further increase in H 2 SO 4 concentration resulted in a rise in total conversion (from 26 to 33 %) and the appearance of dicyclic products (indane and indene derivatives as well as diphenylpropenes).
Discussion
The first step of PS cracking is a thermal decomposition into the volatile oligomers. The latter undergo activation on the catalyst surface and form final reaction products [20] . The selectivity of the transformation depends on the properties of the catalyst applied. In the case of solid acids, the acid strength of Brønsted sites determines the composition of the reaction products. In the presented work, we studied the influence of acid strength of the catalysts on PS decomposition. Styrene dimers, synthesized in our laboratory as transition products of PS degradation, were chosen as substrates, while c-Al 2 O 3 /SO 4 2-solid acids of acid strength measured with the use of the test reaction method were applied as the catalysts (Scheme 1).
The active acid centers of broad acid strength range are present on the surface of c-Al 2 O 3 /SO 4 2-catalytic systems. Pure c-Al 2 O 3 is a very weak protic acid [21] . The catalytic activity is rather related to the presence of Lewis acid (exposed Al 3? ions) and Lewis base (surface O 2-) pair centers [22] . The oxide surface reaction with sulfuric acid results in the formation of new Brønsted acid sites, whose strength depends on the surface concentration of SO 4 2-anions [19] . The test reaction method was used to study the acid strength of the system. All reactants used, i.e. a-methylstyrene, styrene, tert-butylbenzene and cumene undergo protonation in the presence of acid centers of particular strength. The first two reactants convert to tertiary and secondary aliphatic carbenium ions (Scheme 2), which alkylate the neutral molecules of a-methylstyrene and styrene and form dimeric species [23] . It has been reported that sulfuric acids solutions of 43 and 53 % can catalyze these reactions at reflux temperature (403-423 K) [23] . The acid strengths of the catalysts can be easily re-calculated and presented in H O units as -2.2 and -3.5 [24] . The reaction of tert-butylbenzene is also initiated by proton addition, but on the aromatic ring (Scheme 2). The resulting carbenium ion reacts further and gives products like benzene and di-tert-butylbenzene with another substrate molecule in a disproportionation reaction. This reaction needs the action of stronger acids and can be observed for the BF 3 /HF system at 193 K [23] . In such a case, due to the low temperature, there is no simple method to evaluate the acid strength of this catalyst 4 2-(1 %) catalyzes a-methylstyrene dimerization, but cannot initiate styrene transformation, which occurs for the 53 % H 2 SO 4 solution at 403-423 K. Thus, its acid strength is within the range of -3.5 \ H O B -2.2.
• c-Al 2 O 3 /SO 4 2-(2-3 %) also catalyzes styrene dimerization apart from the a-methylstyrene reaction. Hence, the acid strength of this catalyst can be expressed as H O B -3.5.
• c-Al 2 O 3 /SO 4 2-(4-9 %) catalyzes the transformation of all the test reaction substrates except cumene. Thus, the acid strength of active centers can even reach the acidity of the BF 3 /HF system at 193 K. The presented results do not allow the precise determination of the acid strength of the c-Al 2 O 3 /SO 4 2-(4-9 %) system. In our work [19] , we estimated it at H O \ -14 level as the catalysts initiated low temperature (333 K) pentane isomerization. According to [25] , this phenomenon is indicative of the presence of superacid centers, but in the other works, a different opinion has been presented. Namely, the surface SO x species of a sulfated oxide can dehydrogenate the alkane via stoichiometric reduction and then allow the strong acid sites, not necessarily superacid, to catalyze its further reaction [26] . Thus, the lower limit of the acid strength of the c-Al 2 O 3 /SO 4 2-(4-9 %) system is at least equal to H O \ -3.5, but the upper acidity limit is not sure. In the presence of such characterized catalysts, the transformation of styrene dimers at 573 K were studied. Detailed results have been already presented (Table 1 ) and are summarized in Table 2 .
The results indicate that if the acid strength of active centers is too low (H O [ -2.2), the styrene dimer does not decompose. The ultimate reaction is double bond isomerization in the aliphatic chain of the dimer catalyzed by Lewis acid and Lewis base sites. When the acid strength of the active sites increases to the values from -3.5 \ H O B -2.2 interval, the styrene dimers are protonated in the aliphatic unsaturated chain as well as in the aromatic ring (cations II and III, Scheme 1) and begin to dealkylate and decompose. A further rise of acid strength (H O B -3.5) of In order to confirm the above conclusions, the reaction of the styrene dimers was performed over a different type of solid acid, SiO 2 -Al 2 O 3 (13 %) ( Table 3) .
This catalyst possesses Brønsted acid centers, whose acid strength allows to catalyze only a-methylstyrene and styrene reactions at 298 K, but not tertbutylbenzene disproportionation. Hence, its acid strength is similar to the c-Al 2 O 3 / SO 4 2-(2-3 %) catalysts. The silica-alumina SiO 2 -Al 2 O 3 (13 %) catalyzes the decomposition of styrene dimers into the same products as sulfated alumina with similar selectivities. The higher conversion observed may be due to the higher concentration of acid with the strength of H O B -3.5 on the silica-alumina surface.
Conclusions
The obtained results show that there is a relation between the acid strength of active centers and the results of the transformation of styrene dimers. The cracking of styrene dimers takes place at 573 K if the active sites possess sufficient strength. Namely, the use of the catalyst of medium acidity (-3.5 \ H O B -2.2) allows to obtain benzene and alkylbenzenes selectively (96 %). When the acid strength of the catalyst is higher (H O B -3.5), the selectivity of the transformation changes. The formation of benzene and its derivatives diminishes (to 65 %), and dicyclic compounds (indane and indene derivatives) appear among the reaction products (selectivity 21 %).
